Abstract. Utilization of the Martian atmosphere for the production of fuel and oxygen has been extensively studied. The baseline fuel production process is a Sabatier reactor, which produces methane and water from carbon dioxide and hydrogen. The oxygen produced from the electrolysis of the water is only half of that needed for methane-based rocket propellant, and additional oxygen is needed for breathing air, fuel cells and other energy sources. Zirconia electrolysis cells for the direct reduction of CO2 are being developed as an alternative means of producing oxygen, but present many challenges for a large-scale oxygen production system. The very high operating temperatures and fragile nature of the cells coupled with fairly high operating voltages leave room for improvement. This paper will survey alternative oxygen production technologies, present data on operating characteristics, materials of construction, and some preliminary laboratory results on attempts to implement each.
BACKGROUND

In-Situ Resource
Utilization (ISRU) is one of the enabling technologies for HEDS (Human Exploration and Development of Space) missions. For a HEDS mission to Mars, an ISPP (In-Situ Propellant Production) plant is a key technology for manufacturing the fuel and oxygen required for a Mars ascent vehicle, surface power, and life support. The combination of a Sabatier reactor and water electrolysis has become the baseline technology for fuel production, producing methane and oxygen through the following reactions:
CO2 + 4 H2 _ CHa + 2 H20 (Sabatier Reaction)
2 H20 ¢-_ 2 H2 + 02 (Electrolysis of Water)
The CO2 is taken from the Mars atmosphere (95% CO2) and the H2 is brought from Earth. The Oxygen produced is only half of what is needed to combust the methane produced in this process. Therefore, a supplemental oxygen production technology is needed. Direct electrolysis of CO2 is possible and this process has been studied extensively using zirconia electrolysis cells. Zirconia is a ceramic material that becomes conductive at high temperatures, and will transport oxygen ions through the lattice under the influence of an applied electric field. At temperatures around 900°C, substantial currents can be obtained, and carbon dioxide can be reduced as follows:
2 CO2 _ 2 CO + 02 (Electrolysis of Carbon Dioxide)
The Zirconia membrane has porous electrodes in intimate contact with each side, and this membrane separates the two product gases (carbon monoxide and oxygen). Zirconia is quite fragile to thermal or mechanical shock, particularly in the thin membranes used in these cells to lower the resistance and decrease resistive losses in the Cell.
breathing air,oneof itsintended uses. Lastly, theZirconia cell operates at about 1.6 volts, consuming about 50% more energy than theoretically required for this reduction.
If the operating potential of this, or any other CO2 electrolysis cell, can be reduced, the energy utilization can be substantially improved.
ALTERNATIVE
OXYGEN PRODUCTION TECHNOLOGIES
Oxygen can be obtained from carbon dioxide through one of two direct reaction paths. One is shown in Equation (3) above, and the other is:
In Equation (4), the product obtained is carbon instead of carbon monoxide, and only half as much carbon dioxide is required, to produce a set quantity of oxygen, as in Equation (3 
Desiccant-Electrolysis/RWGS
The Reverse Water Gas Sl'iifl (RWGS) is the catalytic reduction of CO2 by H2 to produce CO and H:O:
The RWGS can be made into a cyclic reaction of hydrogen and carbon dioxide by combining the processes described by Equation (5) with those of Equation (2). Recycling the hydrogen makes the combined reactions capable of producing an infinite amount of oxygen providing there is no loss of hydrogen (an unrealistic assumption). The net equation for this process is the same as Equation (3), with the electrolysis of water being substituted for the direct electrolysis of carbon dioxide. This process runs well at a temperature of 375°C, but the equilibrium constant for Equation (5) is only about 0.1. To drive this reaction to completion, the products (e.g., water and CO) are removed from the gas stream with a dropout cooler and a selective membrane for CO separation. The gas mixture, enriched with unreacted CO2 and H2, is fed back into the RWGS reactor. Approximately 10 cycles are necessary for the efficient conversion of the incoming carbon dioxide to carbon monoxide and water. Electrolysis of the water (Equation 2) renews the hydrogen supply, allowing a constant input flow of carbon dioxide to enter.
This process is rugged and reliable, but the recycle loop and product separation require both temperature and pressure drops that must be restored as the product mixture re-enters the reactor. This increases the energy input to the system, making the overall process less efficient than zirconia electrolysis.
One way to overcome these problems is to remove the water formed in Equation (5) was introduced into the anode chamber, a much larger current was produced, and the relative humidity of the exiting gas stream was reduced. The generation of hydrogen and oxygen by water electrolysis was confirmed by mass spectrometric analysis of the exiting nitrogen carrier gas streams from the cathode and anode, respectively.
Thisseries oftests indicate thatthewater vapor must beadmitted attheanode forefficient electrolysis. This makes sense because the cathode reaction is the reduction of hydrogen ions to hydrogen gas, while the anode reaction is the direct oxidation of water to produce oxygen and hydrogen ions. Oxygen generation causes the electrolytic connection to the anode to be lost as the water is consumed. Moreover, orientation of the anode at the reaction mixture interface is contrary to the requirements for coupling the electrolysis to the RWGS reactor. Hydrogen gas, which must be returned to the reaction mixture, is generated at the cathode, while oxygen needs to be removed from the reaction zone. This problem, coupled with the fact that the anhydride (PzOs) was not formed during electrolysis means that the desiccant properties would be reduced and the ability to drive Equation (5) to the right would be reduced.
Further work to couple this process with RWGS has been halted, while we explore other avenues of getting a desiccant in intimate contact with the RWGS reaction.
However, the process as described may prove useful for the continuous drying of oxygen streams.
Molten Carbonate Electrolysis
Molten carbonate electrolysis cells have been previously developed for the removal of carbon dioxide from spacecraft cabin air (Arnoldi, 1966; Janz, 1967) . The earlier design formed a carbon cake in the molten salt bath, which would have to be removed and replaced to keep the process operational. This design would present some problems for an autonomous system intended to produce 30,000 kg of oxygen. A more easily maintained system, given the 600°C operating temperature, is to form CO (carbon monoxide) as the cathode product, and oxygen as the anode product.
With such an all gas reactant and product stream, the materials handling would be more straightforward. This would duplicate the overall reaction in a zirconia cell (Equation 3), but at a lower temperature and possibly at a lower voltage.
Whether the cathode product is C or CO seems to be affected by the salts used in the melt, the electrode material, and the operating temperature (Janz, 1967) .
Among the disadvantages of molten salt baths are that the separation of oxygen from the other products is dependant upon a liquid seal formed by the molten salt. This type of system cannot achieve very high output pressures, and must be operated with low differential pressures between anode and cathode. The operating temperatures for these cells also precludes any possibility of liquid CO2 introduction, and thus would require porous electrodes for gaseous CO2 introduction, and the establishmeni of a three phase interface at the cathode between the electrode, the molten electrolyte and the gaseous CO2 feed stock. The anode reaction is also an area of concern. A straightforward oxidation of carbonate (Equation 6) would produce a mixture of oxygen and CO2 at the anode, requiring further separation before use.
2 CO3 2 _-_ 2 CO2 + 02 "t-4_" (Anodic oxidation of carbonate)
A better reaction scheme would involve an oxide ion intermediate. The anode reaction would result in the production of pure oxygen through the oxidation of the oxide ion (Equation 7). This requires that an ionized oxide salt, such as lithium oxide, be added to the melt (Arnoldi, 1966 , Kanzaki, 1975 .
20"2 e-_ O2 + 4e" (Anodic oxidation of oxide ion)
At the time of this paper, we have just begun our examination of molten salt electrolysis, and we have electrochemical evidence for the reduction of carbon dioxide.
Ionic Liquids
A large number of molten salts have melting points considerably lower than the molten carbonate system described above. Indeed, there exist one class of ionic compounds having melting points near room temperature and these are referred to as room temperature ionic liquids (RTJL). RTILs would eliminate the power requirement associated with high temperature molten salts. Typical examples of RTIL are N-alkylpyridinium and 1-alkyl-3-methylimidazolium salts, and alkylated thiazolium salts, and amide melts with nitrates to name a few examples (Welton, 1999 ). RTILs will be evaluated for their ability to electrolyze CO2 at lower temperatures. RTILs can be synthesized to produce specific characteristics, suchassolvation of CO2 (Blanchard, 1999) or a broad electrochemical window (Rogers, 2000) . If asoluble oxygen-producing anion canbeadded, anelectrolytic system forCO2 reduction tooxygen canbe developed withRTILs.
NonaqueousSolvent Electrolysis
In electrolysis, the potential limits of an electrode are established, in part, by the limits of oxidation and reduction of the solvent and electrolyte system used. In aqueous system, the limits are set by the reduction and oxidation of water to produce hydrogen and oxygen, respectively. The reduction of C02, in general, proceeds at a more cathodic potential than for the reduction of water to hydrogen. Although varying the electrode material to obtain a favorable overpotential difference between these two reductions is possible, the elimination of water from the solvent system employed can eliminate the possibility of a competing water reduction completely. Besides the molten salt electrolysis, which is also a nonaqueous system, there are several solvent system that have been used with much wider electrochemical windows (the potentials between anodic and cathodic breakdown of the solvent) that could be employed to easily reduce CO2. An important property of any electrochemical solvents is the dielectric constant.
The dielectric constant determines the solvent's ability to dissolve and ionize a suitable electrolyte. Three such solvents and water are compared in Table 1 , adapted from Aurbach (I999). none of them has a dielectric constant as high as water. They will not produce solutions with high concentrations of ionized electrolytes. However, they can operate at low temperatures, where liquid CO2 can exist, and dissolve enough electrolytes to produce appreciable conductivity. Liquid CO2 is highly soluble in these solvents (Taylor, 1996) . Therefore, we can produce conductive solutions with these solvents, which have very high molar concentrations of carbon dioxide.
However, there are serious problems in the use of such solvent systems. Very little work has been done on CO2 reduction in these solvents. Often the conductivity of their solutions is lower than that of water based electrolytes by an order of magnitude or more. This will lead to high resistance drops and inefficiencies as we attempt to move towards a mass electrolysis cell with high currents. Even less work has been done on electrolytes for these solvents that could release oxygen at the anode. This latter problem has been our most difficult in investigating these systems. We have electrochemical evidence of carbon dioxide reduction in these solvents, but only when we setup a sacrificial anode reaction that allows current to flow.
We have yet to come up with a soluble ionized species that will produce oxygen at the anode. Typical products of carbon dioxide reduction such as formate or carbonate either do not produce oxygen at the anode, or are not soluble in these solvents. We are looking into alkali metal oxide salts as an alternative.
Liquid Carbon Dioxide
Although liquid carbon dioxide is a fine solvent for many applications, it is not very useful as a solvent for electrolytic processes. The very low dielectric constant (e¢-1.45) does not allow ionization of any suitable electrolyte.As theprimaryinputreactant to a Marsoxygen generator, it is desirable to achieve as higha concentration of CO2at thecathode as possible. Using a typical porous electrode for gas introduction into an electrolysis cell requires a high tech construction that has taken many years to develop successfully for use in aqueous systems. These electrodes must retain the solvent through surface tension while maximizing the area of contact between the electrode, a thin film of the electrolyte, and the input gas stream. The production of a gaseous product (CO is possible via Equation 3) only complicates the design problem by creating a diffusion barrier of nonreactant gases at the electrode. Such electrodes utilize only a small fraction of the potential electrode area due to the requirement for three-phase contact at the electroactive sites.
A conventional electrolysis cell design can be employed if CO2 is a component of the electrolyte. Fortunately, CO2 is an excellent co-solvent for the non-aqueous and ionic liquid system discussed above. This allows us to achieve concentrations of 5 Molar or more in solution, instead of 0.04 M/L for pure CO2 gas, or even lower concentrations for gas bubbled through the solvent. Using a solvent system with high CO2 solubility allows us to pressurize the electrolysis vessel and achieve CO2 concentrations in the electrolyte that vary from milli-molar to multi-molar concentrations, as long as the temperature is below the critical temperature for CO2 (304.13 K). This gives us great flexibility in optimizing the current density and reduction rate in these cells. It also creates a problem of separating any gaseous products of the cell from the feed carbon dioxide. For the cathode reduction of CO2 it is possible to form solid carbon via Equation 4, instead of
CO as in Equation 3
, and thereby eliminate the gas separation problem at this electrode. It would be desirable to utilize a separation membrane for isolating the anode where the oxygen is being produced. This membrane would have to be able to transport the oxygen producing electroactive species, while blocking the flow of carbon dioxide to the anode compartment.
To our knowledge, no such membrane currently exists, and we haven't identified an electroactive species that is suitable for such a cell. The oxygen could be separated from carbon dioxide in a post- 'T' is the electrochemical reduction of CO2 (pressure dependent), while "ii" is the reduction of a platinum oxide layer on the platinum electrode (independent of pressure).
THEORETICAL THERMODYNAMIC EFFICIENCY
The conversion of carbon dioxide to oxygen via Equations 3 or 4 comprises the overall reactions for every method of producing oxygen from Martian carbon dioxide. The smallest amount of energy required for this conversion per mole of oxygen produced can be easily calculated at any temperature. Table 2 presents this data (Chase, 1985) over a wide temperature range, encompassing all the methods discussed above. We have also included the energy to heat up the reactants to the operating temperatures of the conversion and some estimate of heat recovery from products to reactants. There is also a tendency to form CO at higher temperatures and C at lower temperatures. If the energy to form C from the CO formed in the first step in any reduction is less than the energy to form CO from CO2, then it is assumed that C will form. In practice, carbon formation is determined by many other factors than operating temperature, including catalyst, electrode material, operating voltages, electrolyte composition, and other factors. Some observations are in order. The temperature of the conversion is not a major factor in the energy of the overall
conversion.
As noted earlier, the materials that can be used in construction of the device affect the durability and reliability of the method, and these choices decrease as the temperature exceeds the abilities of certain materials. This includes most polymers above 473 K, and most base metals above 1073 K. In addition, temperatures above 304 K exclude the use of liquid CO2. It is also instructive to note how closely a method of conversion approaches the theoretical energy of conversion. For zirconia cells operating at 1.6 volts, the energy of conversion per mole of oxygen produced is 617 kJ. The same amount of energy is consumed to electrolyze water at the same voltage in any process that forms water as a precursor to oxygen production. This value is about 50% higher than theoretical for the formation of oxygen exclusive of any other energy losses via pumping, heat up of reactants or heat losses through insulation.
CONCLUSIONS
We have identified several possible alternative methods of oxygen production. We are actively pursuing these concepts to determine the shortcomings and advantages of each.
Our goal is to significantly improve upon the characteristics of proposed zirconia cells for oxygen production. To achieve that goal we are looking at electrolytic systems that operate at significantly lower temperatures, preferably below 304 K to allow the incorporation of liquid CO2 in the electrolyte. Our preliminary results indicate that such a system will have much higher current densities and have simpler cathode construction than a porous gas feed electrode system. Such a system could be achieved based on nonaqueous electrolytes or ionic liquids. We are focusing our research on the anode reaction that will produce oxygen from a product generated at the cathode using CO2 as the feed. Operation at low temperatures also will open up the full range of polymer and metal materials, allowing a more robust system design to withstand the rigors of flight, landing, and long term unattended operation on the surface of Mars.
